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SUMMARY 

An i n v e s t i g a t i o n  has  been conducted i n  t h e  Langley 16-Foot Transonic  Tunnel t o  
determine i n s t a l l a t i o n  e f f e c t s  on s ingle-engine  convergent-divergent  nozz les  appl ica-  
ble  t o  reduced-power supe r son ic  c r u i s e  a i rc raf t .  Tes t s  w e r e  conducted a t  Mach num- 
bers f r o m  0.50 t o  1.20, a t  ang le s  of a t t a c k  from -3O t o  go, and a t  nozzle  p r e s s u r e  
ra t ios  from 1.0 ( j e t  o f f )  t o  8.0. The e f f e c t s  of empennage arrangement,  nozz le  
l eng th ,  a cusp  f a i r i n g ,  and a f t e rbody  c l o s u r e  on t o t a l  a f t -end  d rag  c o e f f i c i e n t  and 
component d rag  c o e f f i c i e n t s  w e r e  i n v e s t i g a t e d .  Resu l t s  f r o m  t h i s  s tudy  i n d i c a t e  t h a t  
empennage i n t e r f e r e n c e  e f f e c t s  can  be s i g n i f i c a n t  i n  t h e  t r a n s o n i c  and low supe r son ic  
speed regimes. A s t agge red  or  forward empennage arrangement g e n e r a l l y  produced the 
l o w e s t  t o t a l  a f t -end  drag, whereas an  a f t  empennage arrangement g e n e r a l l y  produced 
t h e  h i g h e s t  t o t a l  a f t -end  drag.  

INTRODUCTION 

Most c u r r e n t  o p e r a t i o n a l  m i l i t a r y  a i r c ra f t  have been designed for  e f f i c i e n t  
subsonic  c r u i s e  and subsonic- t ransonic  maneuverabi l i ty;  supe r son ic  performance has  
been cons idered  a " f a l l o u t , "  or off-design,  cond i t ion .  However, a f t e r  a n a l y s i s  of 
t h e  a i r  ope ra t ions  d u r i n g  r e c e n t  c o n f l i c t s ,  much d i s c u s s i o n  has  taken  place concern- 
i n g  a i r c r a f t  v u l n e r a b i l i t y  over  enemy t e r r i t o r y ;  one method proposed t o  reduce a i r -  
c r a f t  v u l n e r a b i l i t y  is  t o  provide  e f f i c i e n t  supe r son ic  c r u i s e  c a p a b i l i t y  t o  f u t u r e  
combat a i r c r a f t  ( r e f .  1 ) .  Supersonic  c r u i s e  wi th  reduced engine  power (dry ,  i .e.,  
nonaf te rburn ing ,  or  par t ia l  a f t e r b u r n i n g )  has  been sugges ted  as one method of  improv- 
i n g  supe r son ic  c r u i s e  e f f i c i e n c y .  A parametric wind-tunnel i n v e s t i g a t i o n  of  
convergent-divergent  nozz le s  applicable t o  supe r son ic  c r u i s e  m i l i t a r y  a i r c r a f t  has  
been r epor t ed  i n  r e f e r e n c e  2. The nozz les  of t h a t  i n v e s t i g a t i o n  w e r e  mounted on a n  
i s o l a t e d  n a c e l l e  wi th  no a f t e rbody  c l o s u r e  ahead of  t h e  nozz le  and no c o n t r o l  sur -  
f a c e s  p r e s e n t .  P a s t  exper imenta l  i n v e s t i g a t i o n s  ( r e f s ;  3 t o  5 )  on c u r r e n t  high-  
performance f i g h t e r  a i r c r a f t  have shown t h a t  s i z a b l e  a i r p l a n e  performance p e n a l t i e s  
are a s s o c i a t e d  wi th  t h e  i n s t a l l a t i o n  of t h e  propuls ion  system i n t o  t h e  a i r f r ame .  
Drag p e n a l t i e s  on t h e  nozz le  and af te rbody can r e s u l t  f r o m  i n t e r f e r e n c e  e f f e c t s  or ig-  
i n a t i n g  from base areas, h o r i z o n t a l  and v e r t i c a l  t a i l s ,  v e n t r a l  f i n s ,  t a i l  a c t u a t o r  
housings,  or  s t r u c t u r a l  suppor t  booms f o r  empennage s u r f  aces. Adverse i n t e r f e r e n c e  
e f f e c t s  o r i g i n a t i n g  f r o m  empennage s u r f a c e s  have been found t o  be a major c o n t r i b u t o r  
t o  t h e  af terbody-nozzle  d rag  problem (refs. 5 t o  9 ) .  These d rag  p e n a l t i e s  can  be 
e s p e c i a l l y  a c u t e  when t h e  nozz le  ope ra t e s  i n  a closed-down l o w - p o w e r  (d ry  o r  p a r t i a l  
a f t e r b u r n i n g )  mode ( r e f .  6). 

Because of r e c e n t  i n t e r e s t  i n  combat a i rc raf t  wi th  e f f i c i e n t  supe r son ic  c r u i s e  
c a p a b i l i t y  and t h e  p o s s i b l e  large i n s t a l l a t i o n  p e n a l t i e s  associated wi th  closed-down 
l o w - p o w e r  nozz le  conf igu ra t ions ,  i n s t a l l a t i o n  e f f e c t s  w e r e  exper imenta l ly  examined on 
s ingle-engine  convergent-divergent  nozz les  a p p l i c a b l e  t o  reduced-power supe r son ic  
c r u i s e  aircraft .  The c u r r e n t  i n v e s t i g a t i o n  u t i l i z e s  t h e  geometry of nozz le  config- 
u r a t i o n s  t h a t  w e r e  p rev ious ly  t e s t e d  on an  i s o l a t e d  n a c e l l e  (ref. 2 ) .  These w e r e  
i n s t a l l e d  on a t y p i c a l  s ing le -eng ine - f igh te r  a f t e rbody  model, and t h e  e f f e c t s  of 
nozzle  geometry, empennage arrangement,  a f t e rbody  c l o s u r e ,  and a cusp  f a i r i n g  a t  t h e  
a f  terbody-nozzle j u n c t u r e  w e r e  i nves t iga t ed .  The i n v e s t i g a t i o n  w a s  conducted i n  the 
Langley 16-Foot Transonic  Tunnel a t  Mach numbers f r o m  0.50 t o  1 .20 wi th  nozz le  t h r o a t  
areas cor responding  t o  d r y  power (nonaf te rburn ing)  and pa r t i a l  a f t e r b u r n i n g  (A/B)  



power. Nozzle p r e s s u r e  r a t io  w a s  v a r i e d  from 1 .O ( j e t  o f f )  up t o  approximately 8.0, 
depending on Mach number, and a n g l e  of a t t a c k  w a s  v a r i e d  from -3O t o  9 O  a t  selected 
Mach numbers. Hor i zon ta l  t a i l  d e f l e c t i o n s  of Oo and - 3 O  w e r e  t e s t e d .  

SYMBOLS 

area of annu la r  c l ea rance  gap a t  model base, metersL 

nozzle  e x i t  area, meters 

i n t e r n a l  c r o s s - s e c t i o n a l  area of a f t e rbody  and nozzle  o u t e r  s h e l l ,  meters 

r e fe rence  area ( c r o s s - s e c t i o n a l  area a t  metric b r e a k )  , 0.0273 meter 

nozzle  t h r o a t  area, meters 

d rag  c o e f f i c i e n t  

a f  terbody d rag  c o e f f i c i e n t ,  

nozzle d rag  c o e f f i c i e n t  (pressure + f r i c t i o n ) ,  

p, n/qmAref nozzle  p r e s s u r e  d rag  c o e f f i c i e n t ,  D 

t o t a l  a f t - end  d rag  c o e f f i c i e n t ,  

Aan 

2 

2 
Ai n t  

Aref 

A t  

CD 

2 

2 

Da/q A ‘D, a oJ ref 

‘D,n 

‘D , pn 

Dn/qmAref 

D t / q  A ‘D, t m r e f  

‘D , t a i  1s t a i l  d rag  c o e f f i c i e n t ,  Dtai  l s / q m A r e f  

E D ,  i n  

E,,it 

CL 

cL, pn 

cL, t 

‘P 

Da 

Dba 1 

Dn 

D 
P,n 

D t  

Dta i l s  

2 

increment  i n  empennage i n t e r f e r e n c e - d r a g  c o e f f i c i e n t  on nozzle,  

ADi, n/qmAref 

increment i n  empennage i n t e r f e r e n c e - d r a g  c o e f f i c i e n t  on total  a f t  end, 

ADi, t/qmAref 

l i f t  c o e f f i c i e n t  

nozzle  p r e s s u r e  l i f t  c o e f f i c i e n t ,  L 

t o t a l  af t -end l i f t  c o e f f i c i e n t ,  

p, n’qmAref 

Lt/q A m r e f  

static-pressure c o e f f i c i e n t ,  (PI - P , h m  

a f  terbody d rag ,  newtons 

drag measured by balance,  p o s i t i v e  downstream, newtons 

nozzle  d rag  ( p r e s s u r e  + f r i c t i o n )  , newtons 

nozzle  p r e s s u r e  drag, newtons 

t o t a l  a f  t-end ( a f t e rbody ,  nozzle ,  and t a i l s )  d rag ,  newtons 

t a i l  drag, newtons 



Di ,a  

h D i , n  

mi, t 

db 

de 

dref 

d t  

L 

Lp,n 

Lt 

1 

M 

X 

X 

a 

B 
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increment  i n  empennage i n t e r f e r e n c e  drag  on a f t e rbody  a lone ,  newtons 

increment  i n  empennage i n t e r f e r e n c e  drag  on nozz le  a lone ,  newtons 

increment  i n  empennage i n t e r f e r e n c e  drag  on t o t a l  a f t  end, newtons 

diameter  of nozz le  base a t  e x i t ,  m e t e r s  

nozzle  e x i t  diameter, meters 

r e fe rence  diameter (diameter a t  m e t r i c  b r eak ) ,  0.1864 meter 

nozz le  t h r o a t  diameter , meters 

l eng th  of model w i th  s h o r t  subsonic  dry  power nozz le  i n s t a l l e d ,  1.63 meters 

l i f t  on nozz le  from pressure-area  i n t e g r a t i o n ,  newtons 

t o t a l  a f t -end  ( a f t e rbody ,  nozzle ,  and t a i l s )  lift, newtons 

l eng th  of nozz le  from connect  s t a t i o n  t o  e x i t ,  meters 

free-s t ream Mach number 

l o c a l  p r e s s u r e  a t  nozz le  annular  c l ea rance  gap, newtons/meter 2 

2 i n t e r n a l  s t a t i c  p r e s s u r e ,  newtons/meter 

l o c a l  s ta t ic  p res su re ,  newtons/meter 2 

j e t  t o t a l  p re s su re ,  newtons/meter 2 

2 f ree-s t ream s t a t i c  p res su re ,  newtons/meter 

f ree-s tream dynamic p res su re  , newtons/meter 2 

r a d i u s ,  meters 

r e fe rence  r a d i u s  ( r a d i u s  a t  metric b reak ) ,  0.0932 meter 

empennage-surface th i ckness  r a t i o  ( r a t i o  of local maximum th i ckness  t o  l o c a l  
chord) 

a x i a l  d i s t a n c e  from model nose, p o s i t i v e  downstream, meters 

a x i a l  d i s t a n c e  from nozz le  connect s t a t i o n ,  p o s i t i v e  downstream, meters 

model ang le  of a t t a c k ,  degrees 

nozzle  t e rmina l  b o a t t a i l  angle ,  degrees  

nozzle  divergence angle ,  degrees  

h o r i z o n t a l  t a i l  d e f l e c t i o n ,  p o s i t i v e  wi th  l ead ing  edge up, degrees  
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A sweep ang le  a t  l ead ing  edge, degrees  

@ meridian ang le  about  model a x i s ,  p o s i t i v e  i n  c lockwise d i r e c t i o n  when f a c i n g  
upstream (6 = Oo a t  top of model), degrees  

Abbreviat ions : 

A/B af t e rbu rn ing  

L.E. l ead ing  edge 

Sta. model s t a t i o n  

APPARATUS AND METHODS 

Wind Tunnel 

The experimental  i n v e s t i g a t i o n  w a s  conducted i n  t h e  Langley 16-Foot Transonic  
Tunnel, a s ing le - r e tu rn  atmospheric  t unne l  wi th  a s l o t t e d  oc tagonal  tes t  s e c t i o n  and 
cont inuous a i r  exchange. me wind tunne l  has  a v a r i a b l e  a i r s p e e d  up  t o  a Mach number 
of 1.30. Tes t - sec t ion  plenum s u c t i o n  i s  used f o r  speeds above a Mach number of 1.10. 
A complete d e s c r i p t i o n  of t h i s  f a c i l i t y  and i t s  o p e r a t i n g  c h a r a c t e r i s t i c s  can be 
found i n  r e fe rence  I O .  

Model and Support  System 

A ske tch  of t h e  s t ing-s t ru t - suppor ted  s ingle-engine model with a t y p i c a l  nozz le  
i n s t a l l e d  i s  presented  i n  f i g u r e  1 ,  and a photograph of t h e  model i n s t a l l e d  i n  t h e  
Langley 16-Foot Transonic Tunnel is  shown i n  f i g u r e  2. The o v e r a l l  model arrangement 
r e p r e s e n t s  a t y p i c a l  s ing le-engine- f igh ter  a f t  end and i s  composed of f o u r  major 
parts,  l oca t ed  as fol lows:  

Model s t a t i o n ,  X, c m  X/L 

Forebody ........................... 0 t o  89.38 0 t o  0.548 
Afterbody .......................... 89.38 t o  150.34 0.548 t o  0.922 
Nozzle ............................. 150.34 t o  e x i t  0.922 t o  e x i t  
Empennage s u r f a c e s  ................. Variable Var i ab le  

The t e r m  a f t  end i n  this paper r e f e r s  t o  t h e  metric p o r t i o n  of the model ( t h a t  por- 
t i o n  on which f o r c e s  and moments are measured) beginning a t  t h e  metric break 
(S ta .  89.38 c m )  and inc ludes  the af te rbody,  nozzle ,  and empennage s u r f a c e s  when pres- 
e n t .  The axisymmetric forebody w a s  nonmetric. A s  shown i n  f i g u r e  1 ,  a 0.15-cm gap 
i n  the  e x t e r n a l  s k i n  a t  t h e  metric-break s t a t i o n  prevented f o u l i n g  between t h e  non- 
metric forebody and metric a f t  end. A t e f l o n  s t r i p  i n s e r t e d  i n t o  grooves machined 
i n t o  t h e  forebody and a f t  end w a s  used as a seal  t o  p reven t  e x t e r n a l  f low from e n t e r -  
i n g  t h e  model. The metric a f t  end w a s  a t t ached  t o  a six-component s t ra in-gage  bal- 
ance which w a s  grounded t o  t h e  nonmetric i n t e r n a l  a i r  system (high-pressure a i r  
plenum, t a i l  pipe, and i n n e r  nozz le) .  A nominal 0.1 6-cm annu la r  c l ea rance  gap 
between t h e  e x t e r n a l  and i n n e r  nozzle  parts w a s  r equ i r ed  t o  p reven t  f o u l i n g  between 
t h e  metric a f t  end and t h e  nonmetric i n t e r n a l  a i r  system. 

4 



The c e n t e r  l i n e  of  t h e  model w a s  l oca t ed  on t h e  wind-tunnel c e n t e r  l i n e .  The 
c e n t e r  l i n e  of t h e  s t i n g  t h a t  suppor ts  the s t r u t  i n  the 16-Foot Transonic Tunnel (see 
f i g .  2 ) ,  w a s  55.88 c m  below t h e  wind-tunnel c e n t e r  l i n e .  The s t i n g  p o r t i o n  of t h e  
suppor t  system w a s  5.08 c m  by 10.16 c m  i n  c r o s s  s e c t i o n ,  wi th  t h e  top and bottom 
capped by ha l f - cy l inde r s  of  2.54-cm radius .  The s t r u t  w a s  5 p e r c e n t  t h i c k  wi th  a 
50.8-cm chord (see f i g .  1 )  i n  the s t r e a m w i s e  d i r e c t i o n .  The s t r u t  l ead ing  and t ra i l -  
i n g  edges w e r e  swept 45O. 

With t h e  except ion  of t h e  nozzle  hardware, t h e  s ing le-engine  model used f o r  t h i s  
i n v e s t i g a t i o n  w a s  used p rev ious ly  f o r  an  i n v e s t i g a t i o n  on empennage i n t e r f e r e n c e  
e f f e c t s  ( r e f .  6 ) .  A cont inuous flow of c lean ,  d ry  a i r  a t  a c o n t r o l l e d  temperature  of 
about  360 K, provided by an  e x t e r n a l  high-pressure supply,  s imula ted  exhaus t  f low 
over  a range of  j e t  t o t a l  p re s su re .  

F igu re  3 p r e s e n t s  geometr ic  d e t a i l s  o€ t h e  a x i s m m e t r i c  a f te rbody (S ta .  89.38 c m  
t o  150.34 c m ) .  The a f t e rbody  w a s  designed t o  s imula t e  a f t e rbody  c l o s u r e  ahead of t h e  
nozz le  t y p i c a l  of a s ingle-engine- f igh ter  conf igura t ion .  The a f te rbody had provi-  
s i o n s  f o r  mounting t h e  v e r t i c a l  and h o r i z o n t a l  t a i l s  a t  t w o  d i f f e r e n t  a x i a l  l o c a t i o n s  
(forward and a f t ) .  Three empennage arrangements w e r e  t e s t e d :  t a i l s  a f t ,  t a i l s  for -  
ward, and t a i l s  s t agge red  (the h o r i z o n t a l  t a i l s  a f t  and t h e  v e r t i c a l  t a i l  forward) .  
D a t a  w e r e  measured a t  h o r i z o n t a l  t a i l  d e f l e c t i o n s  of  Oo and -3O. Sketches showing 
geometric d e t a i l s  of t h e  empennage s u r f a c e s  are p resen ted  i n  f i g u r e  4. The v e r t i c a l  
and h o r i z o n t a l  t a i l s  w e r e  s i z e d  wi th  t h e  a f te rbody and nozz le  areas t o  be representa-  
t i v e  of a t y p i c a l  s ing le-engine- f igh ter  conf igu ra t ion .  

Nozzle geometry i n  t h i s  i n v e s t i g a t i o n  s imula ted  two ( s h o r t  and long)  va r i ab le -  
geometry convergent-divergent  c o n i c a l  nozz les  t y p i c a l  of those  c u r r e n t l y  i n  use on 
modern f i g h t e r  a i r c r a f t .  However t h e  nozz les  used i n  t h e  i n v e s t i g a t i o n  have a l a r g e r  
range of nozzle  expansion ra t io  ( A  /At) i n  o rde r  t o  s a t i s f y  t h e  supersonic  c r u i s e  
cond i t ions .  To i s o l a t e  t h e  e f f e c t  of a f te rbody c l o s u r e  on nozz le  drag, s i x  nozz le  
conf igu ra t ions  t e s t e d  p rev ious ly  ( r e f .  2 )  on an i s o l a t e d  n a c e l l e  (no a f te rbody c lo-  
s u r e  o r  empennage s u r f a c e s )  w e r e  s e l e c t e d  f o r  t e s t i n g  du r ing  t h e  c u r r e n t  i nves t iga -  
t i o n .  Four nozz les  had d ry  power s e t t i n g s :  two designed f o r  subsonic  c r u i s e  and two 
designed f o r  supersonic  c r u i s e .  The o t h e r  two nozz les .were  designed f o r  supersonic  
c r u i s e  wi th  pa r t i a l  A/B ope ra t ion .  Figure 5 p r e s e n t s  ske tches  and a t a b l e  g iv ing  
nozz le  i n t e r n a l  and e x t e r n a l  geometry. Externa l  geometry of t h e  nozz les  dup l i ca t ed  
t h e  e x t e r n a l  geometry of t h e  nozz les  s e l e c t e d  from re fe rence  2. However, because t h e  
ba lance  arrangement of  t h e  c u r r e n t  i n v e s t i g a t i o n  r equ i r ed  an  annular  c l ea rance  gap a t  
t h e  nozz le  e x i t  t o  p reven t  balance-to-model fou l ing ,  t h e  nozz le  conf igu ra t ions  shown 
i n  f i g u r e  5 r equ i r ed  a t h i c k e r  base (db - de) a t  t h e  nozz le  e x i t  and s m a l l  changes t o  
nozzle  i n t e r n a l  geometry (Ae, and 6) from t h e  nozz les  r epor t ed  i n  r e fe rence  2. 
However, nozz le  expansion r a t i o  A,&, which a f f e c t s  exhaus t  plume shape, w a s  dupl i -  
ca ted .  Because t h e  a f t e rbody  used f o r  t h e  c u r r e n t  i n v e s t i g a t i o n  s imula ted  a f t e rbody  
c l o s u r e  of a t y p i c a l  s ing le-engine- f igh ter  conf igu ra t ion  and t h e  nozz le  e x t e r n a l  
geometry dup l i ca t ed  nozz le s  designed €or an  isolated n a c e l l e  (no a f t e rbody  c l o s u r e ) ,  
a cusp i n  t h e  e x t e r n a l  geometry occurred  a t  t h e  nozz le  connect  s t a t i o n  (S ta .  150.34). 
To determine t h e  e f f e c t  of t h i s  e x t e r n a l  cusp, a f a i r i n g  wi th  f l e x i b l e  f i n g e r s  w a s  
cons t ruc t ed  t o  smooth the cusp  a t  S ta .  150.34. Geometric d e t a i l s  of t h i s  f a i r i n g  are 
shown i n  f i g u r e  6. The des ign  of t h i s  f a i r i n g  i s  s i m i l a r  t o  f l e x i b l e  f a i r i n g s  used 
on f u l l - s c a l e  a i r c r a f t  t o  a l l o w  f o r  nozz le  thermal  expansion a t  t h e  fuselage-nozzle  
junc ture .  

e 
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Ins t rumenta t ion  

Externa l  s t a t i c  pressure o r i f i c e s  w e r e  l oca t ed  on t h e  a f t e rbody  and nozzles  a t  
t h e  l o c a t i o n s  i n d i c a t e d  i n  f i g u r e s  3 and 5, r e s p e c t i v e l y .  I n t e r n a l  p r e s s u r e  w a s  mea- 
su red  i n  t h e  a f te rbody c a v i t y  a t  s i x  i n t e r n a l  o r i f i c e  l o c a t i o n s .  Two t o t a l  p r e s s u r e s  
and the  s t a g n a t i o n  temperature  of t h e  j e t  flow were measured i n  each nozz le  a t  t h e  
l o c a t i o n  i n d i c a t e d  i n  f i g u r e  1 .  

Forces  and moments on t h e  e x t e r n a l  s h e l l  o f  t h e  m e t r i c  a f t  end (a f te rbody,  noz- 
z l e ,  and t a i l s )  w e r e  measured wi th  a six-component s t r a in -gage  balance.  Forces on 
t h e  i n t e r n a l  f low system ( t h r u s t )  w e r e  n o t  measured. 

T e s t s  

D a t a  were obta ined  a t  an  angle  of a t t a c k  of Oo a t  Mach numbers from 0.50 
t o  1 .20. Nozzle p re s su re  r a t i o  ( r a t i o  of j e t  t o t a l  pressure t o  f ree-s t ream s t a t i c  
pressure) w a s  va r i ed  from approximately 1.0 ( j e t  o f f )  t o  a b o u t  8.0, depending on Mach 
number. In  a d d i t i o n ,  a t  Mach numbers of  0.50, 0.90, and 1.20, d a t a  w e r e  ob ta ined  
over  an angle  of a t t a c k  range from -3' t o  9' a t  nozz le  p r e s s u r e  r a t i o s  r ep resen t ing  
j e t  o f f  and t y p i c a l  ope ra t ing  cond i t ions  f o r  each Mach number. Reynolds number based 
on model l eng th  b v a r i e d  from approximately 1.63 x lo7  a t  M = 0.50 t o  2.24 x 10 
a t  M = 1.20. To ensure a t u r b u l e n t  boundary l a y e r  over  t h e  a f t e rbody ,  a 0.38-cm- 
wide t r a n s i t i o n  s t r i p  of N o .  100 carborundum g r i t  w a s  f i x e d  5.72 c m  from t h e  model 
nose. T r a n s i t i o n  strips, 0.13 c m  wide, of No.  90 carborundum g r i t  w e r e  f i x e d  2.08 c m  
and 1.61 c m  from t h e  l ead ing  edges of t h e  v e r t i c a l  and h o r i z o n t a l  t a i l s ,  
r e s p e c t i v e l y .  

7 

D a t a  Reduction 

A l l  d a t a  €or  both t h e  model and t h e  wind tunne l  w e r e  recorded s imul taneous ly  on 
magnetic tape. Approximately 50 frames of da t a ,  taken a t  a ra te  of 10 frames p e r  
second, w e r e  averaged f o r  each d a t a  po in t ;  t hese  average va lues  w e r e  used i n  computa- 
t i o n s .  The recorded d a t a  w e r e  used t o  compute s t anda rd  f o r c e  and p r e s s u r e  c o e f f i -  
c i e n t s .  A l l  f o r c e  c o e f f i c i e n t s  i n  t h i s  r e p o r t  are re ferenced  t o  t h e  forebody maximum 
c r o s s - s e c t i o n a l  area ( c r o s s - s e c t i o n a l  area a t  metric break)  . 

Tota l  af t -end drag  w a s  ob ta ined  d i r e c t l y  from t h e  six-component balance and 
computed from 

where 

4 2 

Dan = ('an,k - Pco)Aan, k 
k=l k=l 
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Included i n  t h e  ba lance  t e r m  
a f te rbody and nozzle  e x t e r n a l  s h e l l  ( i nc lud ing  nozzle  base drag ,  j e t  e f f e c t s  on 
e x t e r n a l  drag,  and t a i l  d rag  when t a i l s  are i n s t a l l e d ) .  The ba lance  t e r m  Dbal i s  
co r rec t ed  f o r  the i n t e r n a l  a x i a l  f o r c e s  
and are n o t  p r e s e n t  i n  a real a i r c r a f t .  
f e l t  by t h e  balance t e r m  
annulus  between t h e  nozz le  i n t e r n a l  and e x t e r n a l  pieces (see f i g .  5 ) .  

Dbal are  e x t e r n a l  and i n t e r n a l  a x i a l  f o r c e s  on t h e  

Dint, 
Included i n  t h e  a f t -end  drag  Dt,  b u t  n o t  

which are a r e s u l t  of t h e  model des ign  

Dbal, i s  a pressure-area  t e r m  Dan, which accounts  f o r  t h e  

Nozzle drag  Dn w a s  ob ta ined  f o r  each conf igu ra t ion  by adding nozzle  p r e s s u r e  
d rag  t o  a computed va lue  of  nozz le  s k i n - f r i c t i o n  drag. Nozzle p r e s s u r e  drag  w a s  
ob ta ined  by a pressure-area  i n t e g r a t i o n  of measured nozz le  s t a t i c  p res su res  over  t h e  
e x t e r n a l  nozz le  b o a t t a i l  s u r f a c e  (S ta .  150.34 c m  t o  e x i t ) .  Nozzle s k i n  f r i c t i o n  d rag  
w a s  computed from t h e  Frank1 and Voishel  equat ion  given on page 1109 of r e fe rence  1 1 .  

T a i l  d r ag  Dtails w a s  computed f o r  each t a i l - o n  conf igu ra t ion .  T a i l  d rag  w a s  
composed of f r i c t i o n  d rag  p l u s  form drag  a t  subsonic  speeds (M < 0.89) and f r i c t i o n  
d rag  p l u s  wave drag  a t  supe r son ic  speeds (M > 1.00) .  For M greater than 0.89 and 
less than 1.00, a smooth f a i r i n g  between t h e  subsonic  and supersonic  va lues  w a s  used 
t o  o b t a i n  t a i l  drag. F r i c t i o n  d rag  and wave drag  w e r e  computed from methods o u t l i n e d  
i n  r e fe rences  1 1  (p. 1109) and 1 2 ,  r e spec t ive ly .  Subsonic form f a c t o r s  f o r  t h e  t a i l s  
w e r e  ob ta ined  from empirical c o r r e l a t i o n s  of unpublished NASA d a t a  and may be 
obta ined  from 

Form f a c t o r  = 1 + 7.44( t /c )  + 2 ( t / ~ ) ~  

Afterbody drag  Da can be obta ined  f o r  each conf igu ra t ion  from 

( 2 )  

One of t h e  primary o b j e c t i v e s  of t h i s  i n v e s t i g a t i o n  w a s  t o  determine empennage 
i n t e r f e r e n c e .  Empennage in t e r f e rence -d rag  increments  on t h e  t o t a l  a f t  end w e r e  
ob ta ined  from 

- - - 
Di,t - (Dt) t a i l s  on (Dt) ta i l s  o f f  t a i  1s 

where 
( a f t e rbody ,  nozzle ,  and t a i l s ) ,  (Dt)tails  off i s  t h e  exper imenta l ly  measured va lue  
of t a i l - o f f  af t -end drag  ( a f t e rbody  and nozz le)  f o r  t h e  same conf igu ra t ion ,  and 
Dtails i s  t h e  computed va lue  of t a i l  drag. P o s i t i v e  va lues  of i n d i c a t e  
adve r se  i n t e r f e r e n c e  e f f e c t s  of empennage s u r f a c e s  on a f t -end  drag. Empennage 
in t e r f e rence -d rag  increments  on t h e  nozzle  a lone  w e r e  ob ta ined  from 

(Dtl ta i ls  on is the exper imenta l ly  measured va lue  of t a i l - o n  af t -end d rag  

7 
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Empennage in t e r f e rence -d rag  increments  on t h e  a f t e rbody  a lone  can be computed from 

N o t e  t h a t  any i n t e r f e r e n c e  e f f e c t s  on t h e  ta i ls  themselves (assumed t o  be n e g l i g i b l e )  
are inc luded  i n  t h e  a f t e rbody  in t e r f e rence -d rag  t e r m  A l s o ,  because of d r a g  
due t o  l i f t ,  empennage i n t e r f e r e n c e  terms w e r e  computed only  a t  a = Oo and 
6 = o o .  h 

Total  a f  t-end l i f t  c o e f f i c i e n t  CL, w a s  computed from t h e  ba lance  d a t a  a f t e r  
t h e  model angle  of a t t a c k  had been a d j u s t e d  f o r  the.mode1 suppor t  d e f l e c t i o n  and t h e  
i n h e r e n t  upflow i n  t h e  t es t  s e c t i o n .  No c o r r e c t i o n s  t o  ba lance  l i f t  were necessary  
as i n  t h e  case of ba lance  d rag  %al, because of t h e  symmetry of t h e  a f t e rbody  and 
nozz les .  The nozz le  p r e s s u r e  l i f t  c o e f f i c i e n t  CL,pn w a s  ob ta ined  by a pressure-  
area i n t e g r a t i o n  of measured nozz le  s t a t i c  p r e s s u r e s  over  t h e  e x t e r n a l  s u r f a c e  of t h e  
nozzle .  

PRESENTATION O F  RESULTS 

l'he r e s u l t s  of t h i s  i n v e s t i g a t i o n  are p l o t t e d  i n  c o e f f i c i e n t  form i n  t h e  fol low- 
i n g  f i g u r e s :  

Drag and l i f t  c o e f f i c i e n t s :  
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Effect of nozz le  p r e s s u r e  ratio:  

S h o r t  subsonic  d r y  power nozzle;  a f t  t a i l s  ............................... 1 6  
Long supe r son ic  p a r t i a l  A/B nozzle;  forward t a i l s  ........................ 17 

E f f e c t  of  ang le  of a t t a c k ;  l ong  subsonic  d r y  power nozz le  .................. 18  
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S h o r t  supe r son ic  pa r t i a l  A/B nozz le  ...................................... 19 
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E f f e c t  of  cusp  f a i r i n g  ..................................................... 21 
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Summary figures: 
Typ ica l  nozz le  p r e s s u r e  r a t i o  schedule  ..................................... 23 
Computed t a i l  drag ......................................................... 24 
E f f e c t  of empennage arrangement:  

T o t a l  a f t -end  and nozz le  d rag  c o e f f i c i e n t s  ............................... 25 
To ta l  a f t -end  and nozz le  in t e r f e rence -d rag  c o e f f i c i e n t s  .................. 26 

T o t a l  a f t -end  and nozz le  d r a g  c o e f f i c i e n t s  ............................... 27 
T o t a l  af t -end and nozz le  in t e r f e rence -d rag  c o e f f i c i e n t s  .................. 28 

E f f e c t  of  cusp  f a i r i n g  on t o t a l  af t -end d rag  c o e f f i c i e n t  ................... 29 
E f f e c t  of  a f t e rbody  c l o s u r e  on nozz le  d rag  c o e f f i c i e n t  ..................... 30 
Component d rag  bu i ldup  summary ............................................. 31 

E f f e c t  of  nozz le  length:  

DISCUSSION 

B a s i c  Data 

F igures  7 through 10 p r e s e n t  t o t a l  af t -end drag c o e f f i c i e n t  and nozz le  p r e s s u r e  
drag c o e f f i c i e n t  f o r  each test conf igura t ion .  On the l e f t  side of each  f i g u r e ,  the 
d rag  c o e f f i c i e n t s  are p r e s e n t e d  as a func t ion  of nozz le  p r e s s u r e  r a t i o  a t  a nominal ly  
c o n s t a n t  a n g l e  of a t t a c k  of Oo, and on t h e  r i g h t  side of each  f i g u r e ,  as a f u n c t i o n  
of ang le  of  a t t a c k  a t  t w o  va lues  of nozz le  p r e s s u r e  r a t io  ( j e t  off and a t y p i c a l  
o p e r a t i n g  v a l u e ) .  Basic l i f t  c o e f f i c i e n t s  i n  t h e  same p r e s e n t a t i o n  format are shown 
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i n  f i g u r e s  1 1  through 14 f o r  each test  conf igu ra t ion .  Total af t -end d rag  and l i f t  
c o e f f i c i e n t s ,  which i n c l u d e  a f t e rbody ,  nozzle ,  and empennage (when i n s t a l l e d )  c o n t r i -  
b u t i o n s ,  w e r e  ob ta ined  from f o r c e  balance measurements. Nozzle p r e s s u r e  d rag  and 
l i f t  c o e f f i c i e n t s  w e r e  ob ta ined  from p res su re -a rea  i n t e g r a t i o n s ;  nozzle  d rag  c o e f f i -  
c i e n t s  shown i n  f i g u r e s  7 through 10 do n o t  i nc lude  f r i c t i o n  d rag  on t h e  nozzle .  

Aft-end and nozzle  p r e s s u r e  d rag  c o e f f i c i e n t s  e x h i b i t  t y p i c a l  variations wi th  
i n c r e a s i n g  nozzle  p r e s s u r e  r a t i o  ( f o r  example, see r e f s .  13  through 15) .  As a r e s u l t  
of a base-bleed e f f e c t ,  a d rag  r educ t ion  g e n e r a l l y  occur s  wi th  i n i t i a l  o p e r a t i o n  of 
t h e  je t .  As nozzle  p r e s s u r e  r a t i o  i s  inc reased  from ve ry  l o w  va lues ,  af t -end d rag  
and nozzle  p r e s s u r e  d rag  i n c r e a s e  as a r e s u l t  of t h e  a s p i r a t i o n  caused by t h e  pumping 
a c t i o n  of t h e  j e t  exhaust.  Jet-on d rag  reaches a maximum a t  a nozzle  p r e s s u r e  r a t i o  
g e n e r a l l y  between 2.0 and 5.0, and any f u r t h e r  i n c r e a s e  i n  nozzle  p r e s s u r e  r a t i o  
reduces d rag  as t h e  compression r eg ion  a t  t h e  nozzle  e x i t  i n c r e a s e s  i n  s t r e n g t h  wi th  
growth of t h e  j e t  exhaust  plume. 

For t a i l - o f f  c o n f i g u r a t i o n s  ( f i g .  71, ang le  of a t t a c k  and nozz le  p r e s s u r e  r a t i o  
have similar e f f e c t s  ( i n  magnitude) on t h e  t o t a l  af t -end and nozzle  p r e s s u r e  d r a g  
c o e f f i c i e n t s .  I n c r e a s i n g  a n g l e  of a t t a c k  tends t o  i n c r e a s e  t o t a l  a f t - end  drag; noz- 
z l e  p r e s s u r e  d rag  i s  g e n e r a l l y  decreased by i n c r e a s i n g  a n g l e  of a t t a c k  u n t i l  a mini- 
mum va lue  i s  reached a t  an  ang le  of a t t a c k  from abou t  4O t o  8 O ,  depending on config- 
u r a t i o n  and Mach number. 

With t a i l  s u r f a c e s  i n s t a l l e d  ( f i g s .  8 and 91, a n g l e  of a t t a c k  a f f e c t s  t o t a l  a f t -  
end d rag  c o e f f i c i e n t  much more. This r e s u l t  w a s  expected because of d rag  due t o  l i f t  
on t h e  h o r i z o n t a l  t a i l s .  Total af t -end d rag  c o e f f i c i e n t  g e n e r a l l y  fo l lows  t r e n d s  
wi th  varying ang le  of a t t a c k  t y p i c a l  of complete model aerodynamic d rag  cu rves  wi th  
minimum drag  occur r ing  a t  a = Oo f o r  c o n f i g u r a t i o n s  w i t h  6, = Oo ( f i g .  8) and a t  
a b o u t  01 = 2 O  t o  3O f o r  c o n f i g u r a t i o n s  wi th  6h = -3' ( f i g .  9 ) .  A t  ang le s  of 
a t t a c k  of Oo and 3 O ,  t h e  h o r i z o n t a l  t a i l s  are a l i g n e d  w i t h  t h e  e x t e r n a l  f low f o r  
h o r i z o n t a l  t a i l  d e f l e c t i o n s  of Oo and -3O, r e s p e c t i v e l y ,  and d rag  due t o  l i f t  c o n t r i -  
b u t i o n s  t o  t o t a l  af t -end d rag  would approach zero.  For t a i l - o n  c o n f i g u r a t i o n s ,  nozzle  
p r e s s u r e  d rag  c o e f f i c i e n t s  are e i t h e r  una f fec t ed  by a n g l e  of a t t a c k  o r  i n c r e a s e d  
s l i g h t l y .  This e f f e c t  i s  n e g l i g i b l e  when compared wi th  t h e  ang le  of a t t a c k  effects 
on t o t a l  a f  t-end drag. 

T o t a l  af t -end lift c o e f f i c i e n t  and nozzle  l i f t  c o e f f i c i e n t  are shown i n  f i g -  
u r e  11 t o  be e s s e n t i a l l y  independent of both nozzle  p r e s s u r e  r a t i o  and ang le  o f  
a t t a c k  f o r  t a i l - o f f  conf igu ra t ions .  For t a i l - o n  c o n f i g u r a t i o n s  ( f i g s .  1 2  and 13), 
nozzle  l i f t  c o e f f i c i e n t  remains independent of both v a r i a b l e s  and t o t a l  af t -end l i f t  
c o e f f i c i e n t  remains independent of nozzle  p r e s s u r e  r a t i o .  However, as expected, 
t o t a l  af t -end l i f t  c o e f f i c i e n t  i n c r e a s e s  with i n c r e a s i n g  a n g l e  of a t t a c k  because of 
l i f t  on t h e  h o r i z o n t a l  t a i l s .  

P res su re  D i s t r i b u t i o n s  

Support i n t e r f e rence . -  The e f f e c t  of t h e  suppor t  system on t h e  model used f o r  
t h e  c u r r e n t  i n v e s t i g a t i o n  w a s  eva lua ted  i n  r e f e r e n c e  6. The r e s u l t s  r e p o r t e d  i n d i -  
cate t h a t  t h e  model suppor t  system has l i t t l e  o r  no e f f e c t  on measurements on t h e  
metric a f t  end. Support  i n t e r f e r e n c e  can a l s o  be a s s e s s e d  by examining p r e s s u r e  
d i s t r i b u t i o n s  a t  fou r  meridian ang le s  shown i n  f i g u r e  15 f o r  each tes t  nozzle  ( t a i l s  
o f f )  a t  s e v e r a l  combinations of Mach number and nozz le  p r e s s u r e  ratio.  For t a i l - o f f  
c o n f i g u r a t i o n s  a t  a = Oo, i n t e r f e r e n c e - f r e e  d a t a  are i n d i c a t e d  by c l o s e  agreement 
among p r e s s u r e  c o e f f i c i e n t s  a t  each meridian angle .  With t h e  p o s s i b l e  excep t ion  of 
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s t a t i o n s  x / i  = 0.075 and 0.200 on t h e  subsonic  d ry  power nozzles  ( f i g s .  1 5 ( a )  
and 1 5 ( b ) )  a t  M = 0.95, l i t t l e  e f f e c t  of meridian ang le  on p r e s s u r e  c o e f f i c i e n t  i s  
appa ren t  . 

Nozzle geometry.- The e f f e c t  of nozzle  geometry on e x t e r n a l  a f t e rbody  and nozzle  
s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  i s  p resen ted  i n  f i g u r e  15 a t  a l l  t es t  Mach numbers. 
P r e s s u r e  d i s t r i b u t i o n s  on t h e  d r y  power nozzles  ( f i g s .  1 5 ( a )  through 1 5 ( d )  are char- 
a c t e r i z e d  by an  expansion on t h e  nozzle shoulder  j u s t  downstream of connect  s t a t i o n  
x / i  = 0 followed by downstream p r e s s u r e  recovery.  The magnitude of t h i s  expansion 
d e c r e a s e s  wi th  dec reas ing  nozzle  b o a t t a i l  a n g l e  
par t ia l  A/B nozzles  ( f i g s .  1 5 ( e )  and 1 5 ( f )  ) are c h a r a c t e r i z e d  by a weak compression 
a t  t h e  nozzle  connect  s t a t i o n  followed by e x t e r n a l  f low expansion (dec reas ing  p res -  
s u r e  c o e f f i c i e n t s )  down t h e  nozzle  b o a t t a i l .  The maximum p r e s s u r e  c o e f f i c i e n t  down- 
stream of x / i  = 0 i n c r e a s e s  ( s t r o n g e r  compression) with dec reas ing  nozzle  b o a t t a i l  
angle .  

P. Pressu re  d i s t r i b u t i o n s  on t h e  

Nozzle p r e s s u r e  r a t i o . -  The e f f e c t  of nozzle  p r e s s u r e  r a t i o  on nozzle  s ta t ic -  
p r e s s u r e  d i s t r i b u t i o n s  i s  p resen ted  i n  f i g u r e  16 f o r  t h e  s h o r t  subsonic  d ry  power 
nozz le  and i n  f i g u r e  17 f o r  t h e  long supe r son ic  p a r t i a l  A/B nozzle.  These d a t a  exem- 
p l i f y  t y p i c a l  j e t  e f f e c t s  on nozzle  b o a t t a i l  p r e s s u r e  d i s t r i b u t i o n s  a t  a l l  meridian 
ang le s .  

The s h o r t  subsonic  d ry  power nozzle  c o n f i g u r a t i o n  has  a b o a t t a i l  a n g l e  of 
18.30O. P res su re  d i s t r i b u t i o n s  on t h i s  nozzle  ( f i g .  16)  are c h a r a c t e r i z e d  a t  sub- 
s o n i c  speeds by an expansion nea r  t h e  nozzle  connect s t a t i o n  followed by p r e s s u r e  
recovery on t h e  remainder of t h e  nozzle  t o  p o s i t i v e  p r e s s u r e  c o e f f i c i e n t s  near  t h e  
nozzle  e x i t .  Jet  e f f e c t s  extend forward over  t h e  e n t i r e  nozzle  a t  subsonic  
cond i t ions .  A t  supe r son ic  speeds (M = 1.201, a s t and ing  shock forms on t h e  nozzle  
b o a t t a i l  and e x t e r n a l  f low s e p a r a t i o n  occurs  downstream of t h e  shock. Je t  i n t e r f e r -  
ence e f f e c t s  a t  M = 1.20 are l i m i t e d  t o  t h e  s e p a r a t e d  subsonic  flow reg ion  down- 
stream of t h e  shock a t  approximately x / i  = 0.35. 

The long supe r son ic  p a r t i a l  A/B nozzle  has  a nozzle  b o a t t a i l  ang le  of 2.57O. As 
d i scussed  p rev ious ly ,  t h e  p r e s s u r e  d i s t r i b u t i o n s  on t h i s  c o n f i g u r a t i o n  ( f i g .  17)  are 
c h a r a c t e r i z e d  by a weak compression a t  t h e  nozzle  connect  s t a t i o n  ( x / i  = 0 )  followed 
by flow expansion ove r  t h e  nozzle  boattail .  A t  subsonic  speeds,  j e t  e f f e c t s  a g a i n  
extend forward over  t h e  e n t i r e  nozzle  a l though they  become n e a r l y  n e g l i g i b l e  as t h e  
nozzle  connect  s t a t i o n  i s  approached. A t  M = 1.20, j e t  e f f e c t s  are l i m i t e d  t o  t h e  
a f tmos t  p r e s s u r e  o r i f i c e  l o c a t i o n  ( x / i  = 0.95), s i n c e  downstream d i s t u r b a n c e s  cannot  
f e e d  forward i n  supe r son ic  flow excep t  through t h e  boundary l aye r .  

Angle of a t t ack . -  The e f f e c t  of ang le  of a t t a c k  on nozzle  s t a t i c - p r e s s u r e  coef-  
f i c i e n t s - a t  s e v e r a l  a x i a l  l o c a t i o n s  ( x / i )  i s  shown i n  f i g u r e  18 f o r  each meridian row 
o f  p r e s s u r e  o r i f i c e s .  Data are shown f o r  t h e  long subsonic  d ry  power nozzle  config- 
u r a t i o n  with t h e  t a i l s  o f f  and t h e  s t agge red  empennage arrangement wi th  6 = Oo and 
-3O. As can be seen  from t h e  f i g u r e ,  t h e  e f f e c t  of a n g l e  of a t t a c k  on nozzle  s ta t ic -  
p r e s s u r e  c o e f f i c i e n t  depends h i g h l y  on conf igu ra t ion  and flow c o n d i t i o n s .  In  gen- 
eral ,  a t  subsonic  speeds,  nozzle  s ta t ic  p r e s s u r e s  nea r  t h e  nozzle  shoulder  
( x / i  = 0.075 t o  0.200) are more s e n s i t i v e  t o  ang le  of a t t a c k  than  are s t a t i c  p res -  
s u r e s  nea r  t h e  nozzle  e x i t  ( x / i  = 0.950). A t  M = 1.20, upper (41 = Oo and 315O) 
nozz le  s t a t i c  p r e s s u r e s  g e n e r a l l y  dec rease  and lower (I$ = 180O) nozzle  s t a t i c  pres-  
s u r e s  g e n e r a l l y  i n c r e a s e  wi th  i n c r e a s i n g  a n g l e  of a t t a c k ;  nozzle  s t a t i c  p r e s s u r e s  on 
the side ( $  = 90°) are g e n e r a l l y  i n s e n s i t i v e  t o  ang le  of a t t a c k .  

h 
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Empennage arrangement.- ?he e f f e c t  of empennage arrangement on a f t e rbody  and 
nozzle  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  is  shown i n  f i g u r e  19 f o r  t h e  s h o r t  supe r son ic  
p a r t i a l  A/B nozzle  and i n  f i g u r e  20 f o r  t h e  long subsonic  dry power nozzle.  D a t a  are 
p resen ted  f o r  f o u r  empennage arrangements: t a i l s  o f f ,  a f t  t a i l s ,  forward t a i l s ,  and 
s t a g g e r e d  t a i l s  ( h o r i z o n t a l  t a i l s  a f t  and v e r t i c a l  t a i l  forward) .  

From f i g u r e s  19 and 20, it is  appa ren t  t h a t  t h e  s ta t ic  p r e s s u r e s  on t h e  after- 
body between t h e  h o r i z o n t a l  and v e r t i c a l  t a i l s  ( @ = 31 5O) are more s e n s i t i v e  t o  
empennage arrangement than  are t h e  nozzle  s t a t i c  p r e s s u r e s .  A t  subsonic  Mach num- 
b e r s ,  t h e  s t agge red  and a f t  empennage arrangements have adve r se  i n t e r f e r e n c e  e f f e c t s  
( p r e s s u r e  c o e f f i c i e n t s  lower than t h e  t a i l - o f f  c o n f i g u r a t i o n )  on t h e  a f t e rbody  s ta t ic  
p r e s s u r e s  between t h e  t a i l  su r faces ;  t h e  forward empennage arrangement has  a favor-  
a b l e  i n t e r f e r e n c e  e f f e c t  on a f t e rbody  s ta t ic  pressures. A t  M = 1.20, a l l  t a i l - o n  
c o n f i g u r a t i o n s  g e n e r a l l y  have lower a f t e rbody  s ta t ic  p r e s s u r e s  than t h e  t a i l - o f f  
c o n f i g u r a t i o n .  One except ion is noted f o r  t h e  forwardmost a f t e rbody  p r e s s u r e  
measurement €or  t h e  a f t  empennage arrangement. Unfortunately,  because s ta t ic-  
p r e s s u r e  measurements on t h e  a f  terbody w e r e  l i m i t e d ,  s t a t i c - p r e s s u r e  t r e n d s  f u r t h e r  
upstream are unknown; however f o r c e  d a t a ,  which are d i scussed  i n  a later s e c t i o n ,  
p rov ide  t h e  t o t a l  e f f e c t  of empennage arrangement on drag. 

On the  nozzle  s u r f a c e ,  t h e  presence of t h e  h o r i z o n t a l  t a i l s  o r  v e r t i c a l  t a i l  
near t h e  nozzle i n c r e a s e s  t h e  nozzle s t a t i c  p r e s s u r e s  i n  t h e  wake of t h e  t a i l s  a t  
subsonic  cond i t ions  (see a f t  v e r t i c a l  t a i l  c o n f i g u r a t i o n  a t  @ = Oo and a f t  h o r i -  
z o n t a l  t a i l  c o n f i g u r a t i o n s  a t  @ = 90° i n  f i g s .  19 and 2 0 ) .  This  i n c r e a s e ,  a l though 
f avorab le ,  i s  small  when compared wi th  t h e  e f f e c t  of empennage s u r f a c e s  on t h e  a f t e r -  
body s t a t i c  p r e s s u r e s  d i scussed  p rev ious ly .  Except d i r e c t l y  behind t h e  t a i l  s u r -  
f a c e s ,  empennage arrangement had l i t t l e  e f f e c t  on nozzle  s ta t ic  p r e s s u r e s  a t  subsonic  
Mach numbers (see d a t a  f o r  @ = 315O and 180'). A t  low supe r son ic  speeds,  empennage 
i n t e r f e r e n c e  e f f e c t s  are p r e s e n t  around t h e  e n t i r e  nozzle  circumference.  

Cusp f a i r i n g . -  The e f f e c t  of t h e  cusp f a i r i n g  (X/I from -0.4 t o  0.1) on a f t e r -  
body and nozzle-static-pressure d i s t r i b u t i o n s  i s  p resen ted  i n  f i g u r e  21 f o r  t h e  s h o r t  
subsonic  d ry  power nozzle  without  t a i l s .  A t  subsonic  speeds,  t h e  c u s p  f a i r i n g  
i n c r e a s e s  t h e  s t a t i c - p r e s s u r e  c o e f f i c i e n t s  immediately upstream and downstream of t h e  
f a i r i n g .  This e f f e c t  w a s  expected s i n c e  t h e  cusp f a i r i n g  w a s  designed t o  remove t h e  
e x t e r n a l  cusp a t  X/I = 0 and thereby allow a more moderate expansion around t h e  
nozz le  shoulder.  However, a t  M = 0.85 and 0.90, t h e  cusp f a i r i n g  a l s o  tends t o  
reduce t h e  amount o f  p r e s s u r e  recovery on t h e  a f t  p o r t i o n  of t h e  nozzle  b o a t t a i l ,  and 
t h i s  r e s u l t  would tend t o  o f f s e t  any f avorab le  e f f e c t s  nea r  t h e  nozzle  connect  sta- 
t i o n .  A t  M = 1.20, t h e  cusp f a i r i n g  has l i t t l e  e f f e c t  on t h e  s t a t i c - p r e s s u r e  d i s -  
t r i b u t i o n ,  e s p e c i a l l y  on t h e  nozzle surface. 

Afterbody closure.-  . - The e f f e c t  of af terbody c l o s u r e  on nozzle  s t a t i c - p r e s s u r e  
d i s t r i b u t i o n s  i s  p resen ted  i n  f i g u r e  22 f o r  t h r e e  nozzle  c o n f i g u r a t i o n s .  D a t a  from 
t h e  c u r r e n t  i n v e s t i g a t i o n  are compared wi th  t h e  i s o l a t e d  n a c e l l e  d a t a  of r e fe rence  2 
f o r  i d e n t i c a l  nozzle  conf igu ra t ions .  Nozzle c o n f i g u r a t i o n s  of t h e  c u r r e n t  i n v e s t i g a -  
t i o n  were i n s t a l l e d  on a t y p i c a l  s ingle-engine a f t e rbody  (see f i g s .  1 and 3 )  with 
some c l o s u r e  (an approach b o a t t a i l  ang le  ahead of t h e  n o z z l e ) ;  nozzle  c o n f i g u r a t i o n s  
o f  r e f e r e n c e  2 were i n s t a l l e d  on a c y l i n d r i c a l  a f t e rbody  (no approach b o a t t a i l  ang le  
ahead of t he  n o z z l e ) .  I n  gene ra l ,  because of a p re - tu rn ing  e f f e c t  on e x t e r n a l  flow, 
a f t e rbody  c l o s u r e  ahead of t h e  nozzle i n c r e a s e s  nozzle  s t a t i c - p r e s s u r e  c o e f f i c i e n t s ,  
e s p e c i a l l y  i n  t h e  s t r o n g  expansion region near  t h e  nozzle  shoulder .  Although t h i s  
r e s u l t  would have a f avorab le  e f f e c t  on nozzle  drag, it could be misleading u n l e s s  
t o t a l  c o n f i g u r a t i o n  drag is  a l s o  examined. Obviously, a n  a f t e rbody  with c l o s u r e  
would have more d r a g  than a c y l i n d r i c a l  a f t e rbody ,  and t h u s  any c o n f i g u r a t i o n  pe r fo r -  
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mance t r ade -o f f s  on a f t e rbody  c l o s u r e  should be based on t o t a l  a f t - end  d rag  r a t h e r  
than on nozzle  d rag  ( o r  p r e s s u r e  d i s t r i b u t i o n s )  a lone.  

Af t-End Drag C h a r a c t e r i s t i c s  

To s i m p l i f y  d a t a  a n a l y s i s ,  drag d a t a  have been c r o s s - p l o t t e d  a t  s e l e c t e d  nozz le  
p r e s s u r e  ratios. Figure 23 p r e s e n t s  a t y p i c a l  v a r i a t i o n  of turbofan-engine nozzle  
p r e s s u r e  r a t io  wi th  Mach number. This p a r t i c u l a r  schedule  w a s  used f o r  comparison 
purposes i n  t h e  c u r r e n t  i n v e s t i g a t i o n .  

For  t h e  summary f i g u r e s  shown h e r e a f t e r ,  c r o s s - p l o t t e d  va lues  of t o t a l  a f t - end  
( a f t e rbody ,  nozzle ,  and t a i l s )  d rag  and nozzle  d rag  are p resen ted  as a f u n c t i o n  of 
Mach number. An e x p l a n a t i o n  of how t h e s e  c o e f f i c i e n t s  w e r e  ob ta ined  i s  included i n  
t h e  s e c t i o n  e n t i t l e d  " D a t a  Reduction." A l s o  p re sen ted  a t  z e r o - l i f  t c o n d i t i o n s  
( a  = Oo and 6, = Oo) are empennage in t e r f e rence -d rag  c o e f f i c i e n t  increments (see 
t h e  s e c t i o n  " D a t a  Reduction") on t h e  t o t a l  a f t  end and t h e  nozzle  a lone .  Figure 24 
p r e s e n t s  computed t a i l  d rag  c o e f f i c i e n t s  used t o  compute empennage i n t e r f e r e n c e  on 
t h e  t o t a l  a f t  end. 

Empennage arrangement .- Figure 25 p r e s e n t s  t h e  e f f e c t  of empennage arrangement 

Drag c o e f f i c i e n t  data are shown as a f u n c t i o n  of hach number 
on t o t a l  af t -end d rag  c o e f f i c i e n t  CD,+= and nozzle  d rag  c o e f f i c i e n t  CD f o r  each 
nozzle  conf igu ra t ion .  
a t  scheduled values  of nozzle  p r e s s u r e  r a t i o  ( f i g .  23 ) .  Note t h a t  t h e s e  d a t a  inc lude  
empennage i n t e r f e r e n c e  e f f e c t s  when p resen t .  A drag  component bu i ldup  f o r  each con- 
f i g u r a t i o n  t e s t e d  i s  shown i n  f i g u r e  31. 

For M < 1.0, t h e s e  data i n d i c a t e  t h a t  most af t -end drag o r i g i n a t e s  on t h e  
a f t e rbody  and t a i l s ,  a l though t h e s e  two components t oge the r  comprise on ly  a l i t t l e  
over  h a l f  of t h e  t o t a l  a f t - f a c i n g  p r o j e c t e d  area of each conf igu ra t ion .  Although a 
s i g n i f i c a n t  p o r t i o n  of t h e  t o t a l  a f t - f a c i n g  area c o n s i s t s  of nozzle  b o a t t a i l ,  nozzle  
d rag  c o n t r i b u t e s  very l i t t l e  ( less  than 20 p e r c e n t  of 
drag f o r  M < 1 .O. 
speeds r e s u l t s  from good p r e s s u r e  recovery on t h e  dry power nozzles  and from a combi- 
n a t i o n  of s m a l l  n ega t ive  p r e s s u r e  c o e f f i c i e n t s  and reduced a x i a l  p r o j e c t e d  area on 
t h e  p a r t i a l  A/B nozzles .  A t  M = 1.20, t h e  t o t a l  af t -end d rag  CD i s  more n e a r l y  
e q u a l l y  d iv ided  among t h e  a f t e rbody ,  t a i l s ,  and nozzle  excep t  f o r  the p a r t i a l  A/B 
c o n f i g u r a t i o n s ,  f o r  which nozzle  drag s t i l l  c o n t r i b u t e s  only a s m a l l  p o r t i o n  t o  t o t a l  
af t -end drag ( f i g s .  31 (d )  and 3 1 ( e ) ) .  

% t )  t o  t h e  t o t a l  a f t - end  
The s m a l l  c o n t r i b u t i o n  of nozzle  d r a g ' t o  t o t a l  d rag  a t  subsonic  

Figure 26 p r e s e n t s  t h e  e f f e c t  of empennage arrangement on empennage 
in t e r f e rence -d rag  c o e f f i c i e n t  increments on t h e  t o t a l  a f t  end and t h e  nozz le  a l o n e ,  
as ob ta ined  by t h e  procedures  o u t l i n e d  p rev ious ly  i n  t h e  s e c t i o n  e n t i t l e d  " D a t a  
Reduction." Empennage i n t e r f e r e n c e  on t h e  t o t a l  a f t  end i s  also included i n  t h e  
d rag  component bu i ldup  i n  f i g u r e  31 f o r  each c o n f i g u r a t i o n  tested. Empennage 
in t e r f e rence -d rag  c o e f f i c i e n t  increment on t h e  t o t a l  af t -end ,A%, i t  is  g e n e r a l l y  
s m a l l  f o r  M < 0.85 (maximum of 14 p e r c e n t  and g e n e r a l l y  less than  8 p e r c e n t  of 
CD,t) ,  b u t  a t  t r a n s o n i c  and l o w  supe r son ic  speeds can comprise a s i g n i f i c a n t  p o r t i o n  
of t h e  t o t a l  a f t - end  d rag  (up t o  40 p e r c e n t  of 
e f f e c t s  on nozzle  d rag  are g e n e r a l l y  f avorab le  ( n e g a t i v e  va lues  of 1 a t  sub- 
s o n i c  speeds and unfavorable  a t  low supe r son ic  speeds.  One c o n s i s t e n t  excep t ion  t o  
t h e s e  t r e n d s  is  f o r  t h e  c o n f i g u r a t i o n s  with t h e  forward empennage arrangement,  which 
h a s  f avorab le  empennage i n t e r f e r e n c e  e f f e c t s  on nozzle  d rag  a t  both subson ic  and low 
supersonic  speeds. The nega t ive  va lues  of ACDlin a t  subsonic  speeds i n d i c a t e  t h a t  
t h e  l o w  nozzle  d rag  shown i n  t h e  basic d a t a  ( f i g s .  8 and 9 )  r e s u l t s  n o t  only from 

CDlt) :  Empennage i n t e r f e r e n c e  
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good p r e s s u r e  recovery on t h e  a f t  nozzle  b o a t t a i l  b u t  also from favorab le  empennage 
i n t e r f e r e n c e  on t h e  nozzle .  The f avorab le  e f f e c t  of t a i l  s u r f a c e s  on nozzle  s t a t i c -  
p r e s s u r e  d i s t r i b u t i o n s  w a s  d i scussed  earlier. Since empennage i n t e r f e r e n c e  w a s  gen- 
e r a l l y  adverse on t h e  t o t a l  a f t  end ( p o s i t i v e  values  of A C D , i t )  and s m a l l  o r  favor-  
a b l e  on t h e  nozzle  (low o r  nega t ive  values  of ACD,in),  l a r g e  adve r se  empennage 
i n t e r f e r e n c e  e f f e c t s  obviously occur on t h e  a f t e rbody  t o  more than  o f f s e t  t h e  favor- 
a b l e  e f f e c t s  on t h e  nozzle .  However, s t a t i c - p r e s s u r e  i n s t r u m e n t a t i o n  on t h e  a f t e r -  
body w a s  l i m i t e d ,  so  t h a t  t h i s  r e s u l t  must be i n f e r r e d  from t h e  t o t a l  af t -end f o r c e  
d a t a  and nozzle  p re s su re -a rea  i n t e g r a t i o n s .  

Empennage arrangement had a l a r g e  e f f e c t  on t o t a l  a f t - end  d rag  ( f i g .  251, par- 
t i c u l a r l y  i n  t h e  t r a n s o n i c  to  low supe r son ic  speed range (0.90 < M < 1.201, where 
adve r se  empennage i n t e r f e r e n c e  e f f e c t s  w e r e  found t o  be l a r g e s t .  Reference 6 i n d i -  
cates t h a t  varying t h e  l o n g i t u d i n a l  l o c a t i o n  of i n d i v i d u a l  t a i l  s u r f a c e s  w a s  t h e  most 
e f f e c t i v e  method f o r  reducing af t -end drag i n  t h i s  speed range. Unfortunately,  t h e  
c u r r e n t  d a t a  (and, t o  some e x t e n t ,  t h e  d a t a  of r e f .  6 )  i n d i c a t e  t h a t  t h e  minimum-drag 
empennage arrangement depends on nozzle power s e t t i n g  ( p r o j e c t e d  area) and f r ee -  
stream Mach number (see f i g .  31 ); however, t h e  minimum-drag empennage arrangement 
appears  t o  be independent of nozzle  length.  A t  subsonic  ( M  < 0.85) and low super- 
s o n i c  ( M  = 1.20) speeds,  t h e  lowest  t o t a l  a f t - end  d rag  i s  g e n e r a l l y  provided by t h e  
forward empennage arrangement ( f i g .  25).  A t  t r a n s o n i c  speeds ( M  = 0.90 and 0.95),  
t h e  lowest  t o t a l  af t -end d rag  i s  provided by t h e  s t agge red  empennage arrangement. 
Although optimum empennage arrangement appears  t o  depend on Mach number f o r  M < 1.0, 
empennage i n t e r f e r e n c e  e f f e c t s  are s m a l l  f o r  M < 0.85; t h u s  t h e  s t agge red  empennage 
arrangement may be t h e  b e s t  compromise f o r  a i r c r a f t  designed f o r  c r u i s e  and/or combat 
i n  t h e  subsonic- t ransonic  speed range. Note t h a t  r e f e r e n c e  6 i n d i c a t e s  t h a t  empen- 
nage s t a g g e r i n g  ( i . e . ,  v e r t i c a l  t a i l  forward and h o r i z o n t a l  t a i l s  a f t ,  o r  v i c e  ve r sa )  
a f f e c t e d  t o t a l  af t -end d rag  very l i t t l e .  However, f o r  a i r c r a f t  designed t o  o p e r a t e  
i n  t h e  supe r son ic  speed range, a forward t a i l  arrangement appears t o  provide t h e  
lowest  t o t a l  af t -end drag,  probably because t h e  forward empennage arrangement pro- 
duces f avorab le  o r  n e g l i g i b l e  i n t e r f e r e n c e  on t h e  nozzle  b o a t t a i l  a t  supersonic  
speeds (see f i g .  26 ) .  However, f o r  t h e  supersonic  p a r t i a l  A/B c o n f i g u r a t i o n s  
( f i g s .  31 (d )  and 3 1 ( e ) ) ,  which would r e p r e s e n t  most a i r c r a f t  a t  M = 1.20, t h e  fo r -  
ward and s t agge red  empennage arrangements produce n e a r l y  i d e n t i c a l  l e v e l s  of t o t a l  
a f t - end  drag. Thus, t h e  forward empennage arrangement may be competi t ive only f o r  
a i r c r a f t  designed f o r  supe r son ic  c r u i s e  with d ry  power nozz le  s e t t i n g s .  These t r e n d s  
a t  supe r son ic  speeds may a l s o  depend on o v e r a l l  a i r p l a n e  area d i s t r i b u t i o n .  It is  
i n t e r e s t i n g  t o  no te  t h a t  t h e  a f t  (and most conven t iona l )  empennage arrangement gen- 
e r a l l y  produces t h e  h i g h e s t  t o t a l  af t -end drag a t  a l l  c o n d i t i o n s  i n v e s t i g a t e d .  The 
most no tab le  except ion t o  t h i s  t r end  i s  f o r  t h e  p a r t i a l  A/B nozzles  a t  t r a n s o n i c  
speeds (M = 0.90 and 0.95) f o r  which t h e  forward empennage arrangement produced t h e  
h i g h e s t  t o t a l  af t -end drag. 

Nozzle length.- The e f f e c t s  of nozzle l eng th  on af t -end d rag  c o e f f i c i e n t  and 
empennage in t e r f e rence -d rag  c o e f f i c i e n t  increment are shown i n  f i g u r e s  27 and 28, 
r e s p e c t i v e l y .  Inc reas ing  nozzle  l eng th ,  which a l s o  reduces nozzle  b o a t t a i l  angle ,  
g e n e r a l l y  reduces nozzle  d rag  c o e f f i c i e n t .  The lower nozzle  d rag  c o e f f i c i e n t  i s  
caused by a weaker expansion of t h e  flow over t h e  nozzle  due t o  t h e  reduced b o a t t a i l  
angle .  However, as t h e  nozzle  i s  lengthened and t h e  b o a t t a i l  ang le  decreases ,  a 
p o i n t  i s  reached a t  which t h e  i n c r e a s e  i n  nozzle f r i c t i o n  d r a g  exceeds t h e  r educ t ion  
i n  nozzle  p r e s s u r e  drag.  From t h i s  p o i n t  on, nozzle  d rag  i n c r e a s e s  with dec reas ing  
b o a t t a i l  angles .  
p o i n t  ( f i g .  2 7 ( d ) ) .  

The supe r son ic  p a r t i a l  A/B nozzle  i s  c l o s e  t o  t h i s  d rag  r e v e r s a l  
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A c o n s i s t e n t  t r e n d  of t o t a l  af t -end c o e f f i c i e n t  w i th  i n c r e a s i n g  nozzle  l e n g t h  i s  
n o t  shown by t h e  d a t a  of f i g u r e  27. The t o t a l  af t -end d r a g  is c o n f i g u r a t i o n  depen- 
d e n t  and can  be exp la ined  by two opposing phenomena, one occur r ing  on t h e  nozzle  and 
t h e  o t h e r  on t h e  a f t e rbody  ahead of t h e  nozzle .  The f a v o r a b l e  e f f e c t  on nozzle  d r a g  
o f  i n c r e a s i n g  nozzle  l e n g t h  w a s  d i scussed  p rev ious ly .  The e f f e c t  of i n c r e a s i n g  noz- 
z l e  l e n g t h  on a f t e rbody  d rag  can be i n f e r r e d  by examination of both t o t a l  af t -end and 
nozzle  d rag  c o e f f i c i e n t s  f o r  t h e  t a i l - o f f  c o n f i g u r a t i o n s  (C  = CD,t - C D , n ) .  This D,  a 
i s  c l e a r l y  shown f o r  t h e  c o n f i g u r a t i o n s  with high b o a t t a i l  ang le s  i n  f i g u r e  2 7 ( a ) .  
T o t a l  a f  t-end d rag  c o e f f i c i e n t  w a s  decreased by i n c r e a s i n g  nozzle  l eng th  a t  
a l l  t e s t  cond i t ions .  However, t h i s  decrease i n  t o t a l  d rag  w a s  n o t  as l a r g e  as t h e  
dec rease  i n  nozzle  d rag  %,n p a r t i c u l a r l y  f o r  M < 0.95. This  obse rva t ion  ind i -  
cates an  adverse e f f e c t  ( d r a g  i n c r e a s e )  on a f t e rbody  d rag  ahead of t h e  nozzle  when 
nozzle  l e n g t h  i s  inc reased .  A d i f f e r e n t  s i t u a t i o n  e x i s t s  f o r  t h e  c o n f i g u r a t i o n s  wi th  
low b o a t t a i l  a n g l e s  i n  f i g u r e  27 (d ) .  Increased nozzle  l e n g t h  has  l i t t l e  e f f e c t  on 
nozzle  drag. Thus, f o r  t h i s  case, t h e  e f f e c t  of i nc reased  nozzle  l e n g t h  on a f t e r b o d y  
d r a g  ahead of t h e  nozzle  dominates t h e  v a r i a t i o n  of t o t a l  drag. 

CD, 

Cusp f a i r i n g . -  The e f f e c t  of t h e  cusp f a i r i n g  a t  t h e  nozzle  connect s t a t i o n  (see 
f i g .  6)  on t o t a l  a f t - end  drag is p resen ted  i n  f i g u r e  29 f o r  t h e  t a i l s  o f f  and t h e  a f t  
empennage arrangement. Nozzle d rag  c o e f f i c i e n t  i s  n o t  shown because t h e  cusp fa i r -  
ing ,  extending from X / I  = -0.4 t o  X / I  = 0.1, covered t h e  f i r s t  t w o  s t a t i c - p r e s s u r e  
o r i f i c e  l o c a t i o n s  on t h e  nozzle  and had no e x t e r n a l  s t a t i c - p r e s s u r e  in s t rumen ta t ion  
with which t o  o b t a i n  pressure-area i n t e g r a t i o n  values  of d rag  i n  a l o c a l  region of 
l a r g e  e x t e r n a l  flow expansion (see f i g .  21).  Contrary to  e x p e c t a t i o n s  from examina- 
t i o n  of t h e  e x t e r n a l  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  shown i n  f i g u r e  2 1 ,  t h e  s t r a i n -  
gage balance d a t a  of f i g u r e  29 i n d i c a t e  t h a t  t h e  cusp f a i r i n g  tends t o  i n c r e a s e  t o t a l  
af t -end d rag  c o e f f i c i e n t .  It  w a s  noted during d i s c u s s i o n  of t h e  s t a t i c - p r e s s u r e  
d i s t r i b u t i o n s  t h a t  lower p r e s s u r e  recovery on t h e  a f t  p o r t i o n  of t h e  nozzle  a t  
M = 0.85 and 0.90 would tend t o  o f f s e t  any f avorab le  e f f e c t  on nozzle  drag of reduc- 
i n g  t h e  expansion a t  t h e  nozzle  shoulder  with t h e  cusp f a i r i n g  i n s t a l l e d .  Unfortu- 
n a t e l y ,  i n s u f f i c i e n t  s t a t i c - p r e s s u r e  in s t rumen ta t ion  on t h e  a f t e rbody  p reven t s  any 
conc lus ion  abou t  t h e  e f f e c t  of t h e  cusp f a i r i n g  on a f t e rbody  drag. In  a d d i t i o n ,  t h e  
e f f e c t  on d rag  of ven t ing  t h e  cusp region under t h e  f a i r i n g  (see f i g .  6 )  with longi-  
t u d i n a l  s l o t s  i s  unknown. 

Afterbody closure.-  The e f f e c t  of af terbody c l o s u r e  (approach b o a t t a i l  ang le )  
ahead of t h e  nozzle  on nozzle  d rag  c o e f f i c i e n t  is p resen ted  i n  f i g u r e  30. Drag coef-  
f i c i e n t s  shown i n  f i g u r e  30 f o r  t h e  i s o l a t e d  nozz le s  (mounted on a c y l i n d r i c a l  a f t e r -  
body) w e r e  ob ta ined  from r e f e r e n c e  2 and c o r r e c t e d  t o  t h e  same r e f e r e n c e  area as t h e  
d a t a  from t h e  c u r r e n t  i n v e s t i g a t i o n  (maximum a f  terbody c r o s s - s e c t i o n a l  area) . The 
nozzles  compared i n  f i g u r e  30 had i d e n t i c a l  e x t e r n a l  geometry. As expected from 
s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  ( f i g .  22) ,  a f t e rbody  c l o s u r e  ahead of t h e  nozzle  
reduces nozzle  d rag  f o r  a l l  c o n f i g u r a t i o n s  and flow c o n d i t i o n s  t e s t e d .  This r e s u l t  
i s  caused by p re - tu rn ing  of t h e  e x t e r n a l  flow ahead o f  t h e  nozzle  and reduced expan- 
s i o n  (wi th  a t t e n d a n t  h i g h e r  s ta t ic  p r e s s u r e s )  over  t h e  nozzle.  Note, however, t h a t  
t h e s e  r e s u l t s  could be misleading u n l e s s  t o t a l  c o n f i g u r a t i o n  d rag  i s  a l s o  examined. 
Obviously, a f t e rbody  and thus  t o t a l  aft-end d rag  c o e f f i c i e n t  would depend on t h e  
amount of a f t e rbody  c l o s u r e  ahead of t h e  nozzle.  

CONCLUSIONS 

An i n v e s t i g a t i o n  h a s  been conducted i n  t h e  Langley 16-Foot Transonic Tunnel of 
i n s t a l l a t i o n  e f f e c t s  on s ingle-engine convergent-divergent nozzles  a p p l i c a b l e  t o  
reduced-power supe r son ic  c r u i s e  a i r c r a f t .  T e s t s  w e r e  conducted a t  Mach numbers from 
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0.50 t o  1.20, a t  ang le s  of a t t a c k  from - 3 O  t o  go ,  and a t  nozzle  p r e s s u r e  ra t ios  from 
1 .O ( j e t  o f f )  t o  8.0. The e f f e c t s  of empennage arrangement,  nozzle  l e n g t h ,  a cusp 
f a i r i n g ,  and a f t e rbody  c l o s u r e  on t o t a l  af t -end and component d rag  c o e f f i c i e n t s  w e r e  
i n v e s t i g a t e d .  Resu l t s  from t h i s  s t u d y  i n d i c a t e  t h e  fol lowing:  

1 .  mpennage i n t e r f e r e n c e  e f f e c t s  w e r e  s m a l l  a t  subson ic  speeds, b u t  could be a 
s i g n i f i c a n t  c o n t r i b u t o r  t o  t o t a l  af t -end d rag  a t  t r a n s o n i c  and low s u p e r s o n i c  speeds.  

2. Although f avorab le  empennage i n t e r f e r e n c e  e f f e c t s  on nozzle  d r a g  w e r e  m e a -  
sured,  empennage i n t e r f e r e n c e  e f f e c t s  on t o t a l  af t -end d r a g  w e r e  almost always 
adverse.  

3 .  A t  t r a n s o n i c  and low supe r son ic  speeds,  where empennage i n t e r f e r e n c e  e f f e c t s  
w e r e  l a r g e s t ,  t h e  s t agge red  o r  forward empennage arrangements produced t h e  lowes t  
a f t - end  drag. "he a f t  ( conven t iona l )  empennage arrangement g e n e r a l l y  produced t h e  
h i g h e s t  af t -end d rag  a t  a l l  cond i t ions  i n v e s t i g a t e d .  

4. I n c r e a s i n g  nozzle  l e n g t h  (dec reas ing  nozz le  b o a t t a  
decreased nozzle  drag,  p a r t i c u l a r l y  f o r  nozzles  wi th  l a r g e  
t h e  e f f e c t  of nozzle  l e n g t h  on t o t a l  af t -end d rag  depended 
Mach number. 

1 ang le )  g e n e r a l l y  
b o a t t a i l  a n g l e s .  However, 
on nozzle  geometry and 

5. A f a i r i n g  over  an  e x t e r n a l  cusp a t  t h e  nozzle  connect  s t a t i o n  g e n e r a l l y  
i n c r e a s e d  t o t a l  aft-end drag. 

6. Because of p re - tu rn ing  of t h e  e x t e r n a l  flow, a f t e rbody  c l o s u r e  ahead of t h e  
nozzle  reduced nozzle  d rag  a t  a l l  cond i t ions  i n v e s t i g a t e d .  

Langley Research Center  
N a t i o n a l  Aeronautics and Space Adminis t ra t ion 
Hampton, VA 23665 
August 18, 1982 
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F i g u r e  1.- Sketch of single-engine model w i th  s h o r t  subsonic dry power nozzle i n s t a l l e d .  
Linear  dimensions are i n  cent imeters .  



Figure 2.- Model i n  the  t es t  sec t ion  o f  t he  Langley 16-Foot Transonic Tunnel, wi th  s h o r t  
subsonic dry power nozzle  i n s t a l l e d  and s taggered  empennage arrangement. 
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Figure 3.- Sketch of a x i s m m e t r i c  a f te rbody showing empennage and o r i f i c e  loca t ions .  
Linear  dimensions are i n  cent imeters .  



Vert ical ta i l  qeometry 

41.66 -4 each tail location 

b- 10.67.-4 

A i r fo i l  sections 

Tip ...................................... NACA 64-003 

Root ..................................... NACA 64-005 .. z Area (exposed, not including f i l ler),  m ............. 0.r1881 

33.68 

Tip chord, cm ...................................... 10.67 

Root chord, cm ..................................... 41.66 

Taper ratio .......................................... 0.256 

Tail height (root to tip), cm ......................... 

Aspect ratio (exposed) ............................... 1.288 

h, deg .............................................. 42.62 

33.68 

(a )  Ver t i ca l  t a i l .  

Figure 4.- Sketches of empennage surfaces .  Linear  dimensions are i n  centimeters.  
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N 
N 

1 

I Horizontal ta i l  geometry 

A i r fo i l  sections 

Tip ...................................... NACA 64-003 
Root ..................................... NACA 64-005 

2 
Area (one side exposed, not inc lud ing  f i l le r ) ,  m2 ... 0.0488 

Area (total, aft t a i l  location), m ................... 0.1631 
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Figure 5 .- Sketch of axisymmetric convergent-divergent nozzle models used to  represent  t h e  
s h o r t  and long nozzle concepts. Linear  dimensions a r e  i n  centimeters.  
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F igure  7.- V a r i a t i o n  of t o t a l  ( a f t e rbody  + nozzle)  d rag  c o e f f i c i e n t  and i n t e g r a t e d  
nozzle  p r e s s u r e  d rag  c o e f f i c i e n t  w i th  nozzle  p r e s s u r e  r a t i o  and ang le  of a t t a c k .  
M = 0.50 t o  1.20; t a i l s  o f f .  
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Figure 20 .- Continued. 
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Figure 20  .- Continued. 
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Figure 21.- E f f e c t  of cusp f a i r i n g  on a f t e rbody  and s t a t i c - n o z z l e  pressure 
d i s t r i b u t i o n s .  Shor t  subsonic  dry power nozzle;  t a i l s  o f f ;  Q = Oo 
( p l a i n  symbols) and Q = 315O ( f l agged  symbols);  a = Oo . 
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( a )  S h o r t  subsonic  dry  power nozzle .  

Figure 22.-  E f f e c t  of a f te rbody c l o s u r e  on nozz le  s t a t i c - p r e s s u r e  c o e f f i c i e n t  
d i s t r i b u t i o n s .  T a i l s  off; a = Oo; (I = Oo. 
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(b) Long supersonic  dry power nozz le .  

F igu re  22. - Continued. 
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(c) S h o r t  supersonic  p a r t i a l  A/B nozzle. 

Figure  22.- Concluded. 
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Figure 23.- Typical  nozzle  p r e s s u r e  r a t i o  schedule  f o r  a tu rbofan  engine and tes t  
c o n d i t i o n s  a t  which d a t a  w e r e  taken. 
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F i g u r e  24.- Computed t a i l  d rag  c o e f f i c i e n t  f o r  t h e  empennage arrangements.  
a = 00; 6 = 00. 
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( a )  Shor t  subsonic  d ry  power nozzle .  

F igure  25.- E f f e c t  of empennage arrangement on t h e  t o t a l  af t -end and nozz le  drag 
c o e f f i c i e n t s  a t  t h e  scheduled nozzle  p re s su re  r a t i o s .  6, = Oo; a = oo. 
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(b) Long subsonic dry power nozzle .  

Figure 25.- Continued. 
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(c) S h o r t  supersonic  dry power nozzle.  

F i g u r e  25.- Continued. 
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( d )  Short supersonic  p a r t i a l  A/B nozzle. 

Figure  25. - Continued. 
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(e) Long supersonic p a r t i a l  A/B nozzle. 

Figure 25. - Concluded. 
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(a )  Shor t  subsonic  d r y  power nozzle .  

F igu re  26.- E f f e c t  of empennage arrangement on t h e  t o t a l  a f t -end  and nozz le  
in t e r f e rence -d rag  c o e f f i c i e n t s  a t  t h e  scheduled nozz le  p r e s s u r e  ratios. 
6 = 00; a: = oo. h 
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(b) Long subsonic  dry  power nozzle. 

Figure 26.- Continued. 
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(c) S h o r t  supersonic  dry power nozzle .  

F igure  26  .- Continued. 
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( d )  S h o r t  supersonic  pa r t i a l  A/B nozzle.  

Figure 26 .- Continued. 
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( e )  Long supersonic  p a r t i a l  A/B nozzle. 

F igure  26 .- Concluded. 
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( a )  Subsonic dry power nozz le s  and t a i l s  off .  

Figure 27.-  E f f e c t  of nozz le  l e n g t h  on t o t a l  a f t -end  and nozz le  d rag  c o e f f i c i e n t s  
a t  scheduled nozz le  p r e s s u r e  ratios. a = O O ;  6 = Oo . h 
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(b) Subsonic dry power nozzles and a f t  t a i l s .  

F igu re  27. - Continued. 
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(c) Supersonic dry power nozz le s  and t a i l s  off .  

F igure  27. - Continued. 
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(a)  Supersonic pa r t i a l  A/B nozz le s  and t a i l s  off. 

Figure  27.- Continued. 
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(e) Supersonic  p a r t i a l  A/B nozz le s  and a f t  tails. 

Figure  27.- Concluded. 
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( a )  Subsonic d r y  power nozzles  and a f t  t a i l s .  

F igu re  28.- E f f e c t  of nozzle  l eng th  on t h e  t o t a l  af t -end and nozzle  
in t e r f e rence -d rag  c o e f f i c i e n t s  a t  t h e  scheduled nozzle  p r e s s u r e  
r a t i o s .  6, = O o ;  a: = Oo . 
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(b) Supersonic p a r t i a l  A/B nozz le s  and a f t  tai ls .  

Figure 28  .- Concluded. 
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Figure 29.- E f f e c t  of cusp f a i r i n g  on t h e  t o t a l  a f t -end  drag  c o e f f i c i e n t  a t  t h e  
scheduled nozzle  p r e s s u r e  r a t i o s  f o r  the s h o r t  subsonic  d ry  power nozz le  with 
and wi thout  ta i ls .  6, = Oo; a = Oo . 
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( a )  S h o r t  subsonic  dry pawer nozzle. 

F igure  30.- E f f e c t  of a f t e rbody  c l o s u r e  on nozzle  d rag  c o e f f i c i e n t .  
Ta i l s  o f f ;  a = Oo. 
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Figure 30. - Continued. 
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(b) Long subsonic  dry power nozzle.  

Figure 30 .- Continued. 
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(b 1 Concluded. 

F igure  30.- Continued. 
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(c) S h o r t  supersonic  dry power nozzle.  

F i g u r e  30 .- Continued. 
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Figure 30 .- Continued. 
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( d )  Long supersonic  dry power nozzle. 

F igure  30 .- Continued. 
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Figure 30 .- Continued. 
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(e) S h o r t  supersonic  p a r t i a l  A/B nozzle. 

F igu re  30 .- Continued. 
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(f) Long supersonic  pa r t i a l  A/B nozzle.  

Figure 30 .- Concluded. 
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( a )  Shor t  subsonic dry power nozzle. 

Figure 31.- Summary of component drag buildup f o r  each nozzle a t  t he  scheduled 
nozzle pressure  r a t i o s .  a = O o .  



N 
N co 

0.50 0.80 0.85 0.90 0.95 1.20 
M 

(b) Long subsonic dry power nozzle. 

Figure  31 .- Continued. 
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( c )  Short supersonic dry power nozzle. 
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Figure  3 1. - Continued. 
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(d) Shor t  supersonic  pa r t i a l  A/B nozzle.  

Figure 3 1 .  - Continued. 
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